CAN J ANESTH 2000 / 47: 8 / pp [730][731][732][733][734][735][736][737][738][739] Purpose: To develop a clinically useful and valid model for predicting difficult laryngoscopic tracheal intubation in patients with seemingly normal airways by adhering to the principles of multivariable model development.
HE failure to maintain a patent airway following the induction of general anesthesia is a major concern for anesthesiologists. For securing the airway, tracheal intubation using direct laryngoscopy remains the method of choice in most cases. However, direct laryngoscopic intubation is difficult in 1% -4% and impossible in 0.05% -0.35% of patients who have seemingly normal airways. 1 The unanticipated difficult laryngoscopic intubation places patients at increased risk of complications ranging from sore throat to serious airway trauma. 2, 3 Moreover, in some cases the anesthesiologist may not be able to maintain a patent airway, leading to severe complications such as brain damage or death. 4 Since these risks may be avoided by securing the airway prior to the induction of general anesthesia by alternative methods of tracheal intubation (e.g., fibreoptic bronchoscopy), it would be useful to identify these patients preoperatively.
To aid the anesthesiologist in identifying patients whose tracheas are unexpectedly difficult to intubate by direct laryngoscopy, several non-invasive clinical preoperative airway measures have been described that possess significant associations with difficult intubation. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] However, since the ease of laryngoscopic tracheal intubation depends on several airway elements, no single measure of the airway can be expected to predict difficult intubation accurately, and studies have confirmed the low predictive ability of some of these measures. 15, [19] [20] [21] [22] To develop more predictive models, several investigators have examined the relationship of multiple airway measures and difficult intubation. 12, [23] [24] [25] [26] [27] [28] [29] [30] [31] These studies have had conflicting results in that the predictive ability of the resulting models varies widely: most perform poorly whereas others have reported highly accurate models (Table I ). This variability may be explained by differences in study design -such as differences in patient populations, airway measures, or definitions for difficult intubation -or, perhaps more importantly, differences in model development.
Methodological standards for developing clinical prediction models have been described by several authors, and failure to adhere to these standards may lead to prediction models that are not valid or clinically useful. [32] [33] [34] [35] Prediction models may be invalid for reasons such as inappropriate selection, definition and assessment of independent or dependent variables, or inappropriate statistical modeling strategies. [32] [33] [34] [35] Although a detailed discussion of these factors is beyond the scope of this article, a brief outline is presented below in the context of prediction of difficult tracheal intubation.
Independent variables (airway measures):
The ease of laryngoscopic tracheal intubation depends on several airway elements: mandibular movement, mandibular space, neck mobility, and oropharyngeal space. 3 7 For each of these elements, there are several airway measures available, and their reliability and predictive ability varies widely. A model will be appropriate only if it is developed from a pool of reliable and valid airway measures that represent all these elements. Moreover, there should be explicit criteria for the definition, grading, and measurement of the airway measures and they should be collected without knowledge of the patients' outcome.
Dependent variable (difficult intubation):
The outcome definition used should be clinically important. Also, to avoid misclassification of patients, the definition needs to be precise and reliable. Finally, to avoid measurement bias, the outcome should be assessed without knowledge of the independent variables.
Statistical issues: To select and weight the independent variables appropriately in a prediction model, multivariable statistical methods are needed. Appropriate execution and interpretation of multivariable analysis requires adherence to statistical principles relating to factors such as model selection, sample size (5-10 events for every predictor variable included in the model), patient selection, variable elimination, and performance evaluations.
Previous studies have not adhered to these principles, and their prediction models may therefore be misleading or invalid. The goal of this study was to develop a clinically useful and valid prediction model for difficult tracheal intubation by adhering to the principles of model development.
Materials and Methods

Patient selection
Following institutional ethics approval, airway assessment was carried out on two groups of patients over T 2 9 60 94 Jacobsen et al. 2 8 100 86 Tse et al. 2 7 5-66 65-99 Descoins et al. 2 6 100 95 Pottecher et al. 2 4 70 65 Wilson et al. 1 2 75 88 * Limited to models using bed-side measurements only six months at St. Michael's Hospital (a tertiary-care teaching hospital). One group consisted of 444 patients who were randomly selected from the operative schedule (since it was not possible to assess all surgical patients), and were assessed preoperatively by one investigator who was not involved in the anesthetic care of the patients. The second group consisted of patients who were not assessed by the investigator preoperatively, but were noted to have a difficult tracheal intubation (see definition below) at the time of their surgery (n = 27). These patients, who were included to increase the number of difficult intubations in the sample, were assessed following their surgery. To avoid measurement bias, several steps were taken to ensure that the investigator was blinded to the intubation information of these patients: appropriate patients were identified by a research nurse who reviewed all anesthesia records daily; each patient was matched to a 'dummy' patient with similar demographics but easy tracheal intubation; and both the patient with difficult tracheal intubation and the matched 'dummy' patient were referred to the investigator for assessment. The 'dummy' patients were only used to blind the investigator to the intubation information; they were not included in any of the analyses.
Patients were considered eligible for inclusion in the study if they were to receive, or had received, general anesthesia requiring tracheal intubation for elective surgery. The exclusion criteria included an inability to give consent, age less than 18 yr old, pregnancy, unstable cervical spine, gross anatomical abnormalities of head or neck, or any recent surgery involving the head or neck.
Patient assessment
One anesthesiologist, specifically trained to carry out the airway tests used in this study, assessed all patients. The data from patient interviews and examinations were recorded on a standardized form and were not available to the attending anesthesiologists.
Data collected included patient age; sex; and any medical condition that might affect the airway (e.g., snoring, obstructive sleep apnea, diabetes, rheumatoid arthritis), method of induction, or tracheal intubation (e.g., gastric reflux, morbid obesity).
An objective and detailed airway examination was then carried out on each patient. This included documentation of the patient's height, weight, dentition (whether on not patients had full upper dentures), and airway tests that have previously been shown to be capable of predicting difficult tracheal intubation (see Table II for definition of the tests used in this study). [8] [9] [10] [11] [12] [13] [14] Only tests which could be easily completed at the bedside were selected. For each test, the most valid and reliable method of examination was used. 36, 37 All tests were completed with the patient in the sitting position. The tests were clearly defined (see Table II ), and exact measurements were made using an accurate measuring device (C-THRU™ Inch/Metric Protractor Ruler model B-75).
Method of anesthesia
Anesthesiologists at the study hospital, who did not have knowledge of the independent airway assessor's findings, were responsible for intubation and documenting on the anesthesia record the method of intubation (including the type of blade(s) used, method of induction, and whether tracheal pressure was applied), the best view at laryngoscopy, and the number of laryngoscopy attempts. The method of anesthesia was left to the discretion of the attending anesthesiologist.
Outcome definition
The definition of difficult laryngoscopic tracheal intubation was based on the best laryngoscopic view and the number of laryngoscopy attempts, since it has been shown that using both these parameters improves the reliability of identification of difficult laryngoscopic tracheal intubation. 3 8 The view at laryngoscopy was graded in the following manner: grade 1 if part of the vocal cords was visible, grade 2 if only the arytenoids were visible, grade 3 if only the epiglottis was visible, and grade 4 if the epiglottis was not visible. 1 2 Tracheal intubation was classified as 'easy' if the number of laryngoscopy attempts plus the grade of laryngoscopy view was less than or equal to four, and as 'difficult' if it was greater than four (see Table III ). In addition, patients were classified as 'difficult' if direct laryngoscopy was unsuccessful, or if they underwent awake tracheal intubation based on a history of difficult laryngoscopic tracheal intubation. For the latter group, they were included in the analysis only if their previous anesthesia records included details of the intubation attempts (i.e., the blade(s) used, the number of laryngoscopy attempts, and the best view at laryngoscopy), allowing classification of the intubation as described above.
Statistical analysis
The statistical analyses were carried out using SAS version 6.12 (SAS Institute Inc., Cary, North Carolina). Baseline characteristics of study patients were summarized in terms of frequencies and percentages for categorical variables and median, 25th and 75th percentiles for continuous variables. Logistic regres-sion modeling techniques were used to examine individual and multiple relations between patient predictor variables and the binary outcome of difficult intubation vs easy intubation.
The predictor variables were patient sex, age, weight, height, body mass index, dentition, and the airway tests described in Table II . For the continuous predictor variables, since logistic regression modeling assumes that they are linearly related to the log odds of the outcome event, we graphically examined the shape of their relation with the outcome variable. For the categorical variables, cells containing less than five patients were combined only if clinically appropriate.
Height and weight were missing in four male patients who were bed-ridden. Since none of them was obese on visual inspection, they were assigned the average height and weight for men in this study. Patients in whom any other variables were missing were excluded from the analysis.
Bivariate analysis was carried out to assess the association of the predictor variables with the outcome variable, including all two-way interactions. The chisquared statistic was used for categorical variables and the Wilcoxon rank-sum test for continuous variables.
All significant (P <0.3 -selected because it is a commonly recommended screening criterion for selection of candidate variables to be used in multivariable analysis) 3 9 baseline predictor variables and interaction terms were used to derive the multivariable model by bi-directional stepwise selection. After each step, the model's performance was assessed by the Akaike Information Criterion (AIC index), which is based on minimizing the deviance of the model with a penalty for each added variable, and the area under the receiver operating characteristic (ROC) curve (c-index in logistic regression). 4 0 The model building process was stopped when the AIC did not improve appreciably and the area under the ROC curve did not change significantly (P < 0.05) when more variables were added. Thyromental distance Patient is asked to extend the head as far as possible, keeping the mouth closed. The straight distance from the inside of the mentum to the thyroid notch is measured. 1 3 Chin protrusion Patient is asked to 1) assume the 'sniffing position' by flexing the neck and then tilting the head up as far as possible (the investigator's hand is placed on the lower neck to assure immobility of the lower cervical spine), and 2) opening the mouth as wide as possible. The edge of a clear ruler is then placed on a line from the tip of the upper incisors to the most anterior part of the thyroid cartilage and the perpendicular distance from the edge of the ruler to the genial tubercle in front of this line is measured to the nearest 0.25 cm. 8 This is a slight modification from the original description by Bellhouse et al. 8 Lower cervical spine flexion Patient is asked to flex the neck maximally. The distance between the genial tubercle and the sternal notch is measured. Atlanto-occipital extension Patient is asked to flex the neck completely keeping the mouth slightly open. The tip of a protractor is placed at the external acoustic meatus and is lined up with the occlusal surfaces of the maxillary teeth. The patient then assumes the 'sniffing position' (as above) and the angle transversed by the occlusal surfaces of the maxillary teeth is measured in degrees. 8 
Oropharyngeal view
Patient is asked to extend the neck, open mouth maximally, protrude the tongue, and phonate. 3 6 The visible view is ranked as follows: 1) good visualization of the soft palate, fauces, uvula, and tonsillar pillars; 2) pillars obscured by the base of the tongue, but posterior pharyngeal wall clearly visible below the soft palate; 3) soft palate and base of the uvula visible; 4) soft palate not visible. 10, 11 * All measures were completed while the patient was in the sitting position, an accurate measuring device was used, and measures were rounded off to the nearest 0.5 centimeters unless stated otherwise. 
Patients classified as "easy intubation" if combined score #4 and as "difficult intubation" if >4
The model's calibration was assessed by the Hosmer-Lemeshow goodness-of-fit chi-square test (which statistically compares the predicted probability with actual probability within population subgroups; the larger the P value, the better the fit), and its predictive accuracy was assessed by the area under the ROC curve (an area of 0.5 indicates no predictive discrimination and an area of 1.0 indicates perfect separation of patients with different outcomes). 4 0 Bootstrapping technique was then used to obtain an estimate of the bias in the predictive accuracy of the model. 4 1 For each bootstrap sample, patients were drawn randomly, with replacement, from the original population. For each of 2000 bootstrap samples, the model was refitted using the variables selected by the bivariate analyses and then tested on the original sample to estimate the degree to which the predictive accuracy of the model would be expected to deteriorate when applied to an independent sample of patients. The amount of "over-optimism" in the initial predictive analysis was quantified by measuring the decrease in the area under the ROC curve.
The model was used to calculate the predicted probability of difficult intubation for each patient, and the accuracy of the model's predictions were assessed by calculating the sensitivity, specificity, and positive predictive value (assuming a 2% incidence of difficult intubation) of the model at several probability cutoffs. The model's accuracy at different probability cutoffs was used to identify an appropriate cutoff value for classifying patients as easy or difficult intubation -all patients whose predicted probability value lies above the cutoff would be classified as difficult intubation, and all those below the cutoff as easy intubation. Since the clinical application of a logistic regression model requires a calculator (see appendix), the selected cutoff value was used and the variables were simplified (by categorization where appropriate) to develop a simple nomogram for use in everyday clinical practice. The sensitivity and specificity of the nomogram were also assessed.
Results
Of the 471 patients included in the study, 461 were included in the final analysis. Four patients were exclud- Tracheal intubation was classified as difficult in 38 patients (27 of whom were assessed following their surgery). Direct laryngoscopic intubation following the induction of general anesthesia was attempted in 32 of 38, but was unsuccessful in 12. Of these, in 11 the trachea was intubated by fibreoptic bronchoscopy and one through a laryngeal mask airway. The remaining six patients did not have direct laryngoscopic intubation; awake fibreoptic bronchoscopy was the initial method of choice for intubation. However, according to previous anesthetic records, direct laryngoscopic tracheal intubation had been attempted on all six, and they would have been classified as difficult intubation according to the classification scheme used in this study.
For all patients in whom intubation was performed after the induction of general anesthesia, intravenous induction followed by muscle relaxation was employed. The #3 MAC blade was used as the initial intubating blade for all but six patients (in all of whom intubation was easy). For patients whose tracheas were difficult to intubate following the induction of general anesthesia, tracheal pressure was applied to improve the laryngoscopic view in every case.
In Table IV , the rate of difficult intubation and the results of the bivariate analysis for preoperative categorical variables are shown. All four categorical variables -sex, dentition, subluxation, and oropharyngeal view -were associated with difficult intubation.
Table V lists both the descriptive statistics for the continuous variables classified by intubation difficulty and the results of the bivariate analysis. Older patients were more likely to experience difficult tracheal intubation. Height, weight, and BMI were not associated with difficult intubation. All airway factors were strongly associated with difficult intubation.
All factors with a P value <0.3 were included in the multivariable analysis. No interaction terms were found to be significant. Three variables -chin protrusion, mouth opening, and A-O extension -were found to be associated with difficult intubation in multivariable analysis (Table VI) . The model is well calibrated (Hosmer-Lemeshow goodness-of-fit test chi-square value was 3.018 (6 df, P = 0.81) and is highly discriminative (area under ROC curve = 0.983). The bootstrap results showed that there was minimal bias in the predictive accuracy of the model: the lower 95th percentile bootstrap confidence limit of the ROC area was 0.965. Table VII lists the sensitivity, specificity, and the positive predictive value for the model at various probability cutoffs. When a predicted probability of 0.2 is used to indicate difficult intubation (see appendix), Hosmer-Lemeshow goodness-of-fit value = 3.018 with 6 degrees of freedom (P = 0.81) Area under ROC curve = 0.983 * Indicates the independent contribution of each variable after adjustment for all other factors on the list. This model represents the most predictive combination. † The adjusted odds ratio measures the change in odds of difficult intubation for each unit change of the variable (i.e., as each measure gets smaller, the risk of difficult intubation is increased). ‡ Confidence interval the model has a sensitivity of 86.8% and specificity of 96.0%. Assuming a 2% incidence of difficult intubation in the general population, the positive predictive value of the model at this cutoff value is 30.7%, and its negative predictive value is 99.7%. Using the logistic model (see appendix) and the cutoff probability of 0.2, a nomogram was developed by categorizing atlanto-occipital extension and mouth opening (Table  VIII) . When reapplied to the sample, the sensitivity of the nomogram is 80.0% (slightly lower than the logistic model), and its specificity is 99.5% (slightly higher than the model).
Discussion
In this study, we have shown that three airway testsmouth opening, chin protrusion and atlanto-occipital extension -can predict difficult laryngoscopic tracheal intubation with a high degree of accuracy. Using these tests, which can be completed quickly and easily at the bedside, we have developed and validated (using bootstrapping) a simple and accurate model for predicting difficult laryngoscopic tracheal intubation in patients with no obvious airway abnormalities. The logistic regression model can either be used to calculate the predicted probability that a patient's trachea will be difficult to intubate (as described in the appendix), or can be converted into a nomogram (Table VIII) to conveniently classify patients into 'easy' or 'difficult' tracheal intubation groups (albeit with a small loss in accuracy). Despite the model's high accuracy, its positive predictive value (the probability of those classified as difficult intubation actually being difficult) is low. This is due to the low incidence of difficult laryngoscopic tracheal intubation in the general population. Nevertheless, if we were to apply the model to a patient population that has a 2% incidence of difficult direct laryngoscopic tracheal intubation, for every one-thousand patients, only about three cases of difficult intubation would be missed, and roughly 39 patients whose tracheas are easy to intubate would be misclassified as being difficult to intubate. Thus, despite the low positive predictive value, it seems that the model is accurate enough to be of practical value in routine clinical practice.
The model obtained in this study has an accuracy that is between those of previous models (Table I ). This discrepancy is likely due to differences in study design and statistical analysis. To ensure that the model developed in this study is a reliable and valid measure of the predictive ability of the available bedside tests, we adhered to appropriate model building standards. For example, we included airway tests that were known to have high reliability and validity, and measured all the important airway parameters that affect the ease of laryngoscopic tracheal intubation. In addition, explicit criteria for the definition, grading, and measurement of the airway measures were decided in advance, and one specifically trained assessor was used. Moreover, a reliable and clinically important definition of difficult intubation was selected, and the airway assessment and intubation were carried out independently of each other. Most importantly, appropriate statistical methods were used to develop and validate the model.
However, certain limitations exist that may decrease the model's predictive ability, or its effectiveness, if it is used in routine clinical practice.
First, we did not attempt to standardize the modes of induction and intubation (i.e., patient position, type of blade used, etc.), and we did not analyze the effect of seniority of the anesthesiologists on the intubation. However, review of the data revealed that the anesthetic and intubating techniques were very consistent, and a staff anesthesiologist was involved for every difficult intubation.
Another limitation may be due to the use of a single assessor to perform the airway tests. Since the tests do not have perfect reliability, the model's accuracy may have been lower if multiple assessors were used. In addition, in routine clinical practice, the reliability of the tests may be even lower since they will be performed by anesthesiologists with varying levels of experience and time constraints. No model would be valid if the tests comprising the model are performed in an unreliable manner. Thus, the accuracy of the model in routine clinical practice needs to be assessed.
Third, although there are many medical conditions (e.g., obstructive sleep apnea, rheumatic fever, ankylosing spondylitis) and some common symptoms (e.g., snoring and hypertension) that may be associated with difficult intubation, we did not include these factors in our analyses for two reasons. First, powerful predictors (e.g., rheumatic fever) are not very common, and common predictors (e.g., snoring) are not very powerful. 4 2 To include rare predictors in the analysis would require a prohibitively large sample size, and the common weak predictors would be eliminated during multivariable analysis. Second, we expect that as long as the patients' medical condition has not had a severe impact on the airway, such as causing an unstable cervical spine, the condition's impact on the difficulty of intubation will be identified by the airway tests used; thus, the model would still be applicable. Another possible limitation may exist with the method of patient selection; specifically, the inclusion of patients with difficult tracheal intubation who were not assessed preoperatively. The inclusion of this group could bias the results if the assessor was aware of the intubation information at the time of the airway assessment, 3 2 or if the airway assessment was obtained retrospectively (e.g., from the patient's chart). 3 3 However, since the assessor was blinded to the intubation information and the airway measures were obtained prospectively, any resulting bias from the inclusion of this group of patients should be minimal.
Another potential source of bias is the method of classification of the difficult intubation group, since it included some patients who did not have direct laryngoscopy performed on them at the time of surgerythey may therefore have been incorrectly placed into the difficult intubation group. This, however, is highly unlikely, since we only included those who had a well-documented history of difficult intubation by direct laryngoscopy in the past, allowing us to apply the same classification scheme that was used for all other study patients.
Finally, although our model is highly accurate, there are still a considerable number of patients who will be misclassified by it, as determined by its false positive (1 -specificity) and false negative (1 -sensitivity) rates. Since the incidence of difficult intubation is low, the false negative rate translates to a small number of difficult intubations being missed by the model, while the false positive rate translates to a larger number of patients being incorrectly classified as difficult intubations. A false negative result may expose patients to increased perioperative risk (decreased effectiveness), and a false positive result may result in needless intubations by an alternate technique (increased cost). Currently, it is not known how accurate intubation prediction models need to be to make their routine clinical use cost-effective. In any case, the cost-effectiveness of any prediction rule will vary depending on the clinical scenario, based on the potential risk of a missed difficult intubation. For example, incorrectly predicting that a 60 kilogram man undergoing an elective surgical procedure in a fasting state will have an easy tracheal intubation is different than making a similar mistake in a pregnant patient undergoing an emergency surgical procedure. Thus, the decision to use the model and apply its results will need to be made by individual anesthesiologists on a case-by-case basis, taking into account the potential risk of misclassification.
In conclusion, by adhering to appropriate model building principles, we have shown that it is possible to predict difficult intubation accurately. We developed a clinical prediction model that includes three airway tests -mouth opening, chin protrusion, and atlantooccipital extension -that can be carried out at the bedside. The result of the validation analysis suggests that the model should perform well in other similarly defined patient populations, as long as the variables are measured accurately. Future studies are required to determine the validity and cost-effectiveness of this model when used in routine clinical practice.
APPENDIX
Mathematical application of the model
To calculate the probability of difficult laryngoscopic intubation for each patient that presents for surgery, the values for the three airway measures are obtained and inserted in the following formula: 4 Once the predicted probability of difficult intubation is calculated, one can then classify patients as easy or difficult intubations based on a probability cutoff value selected a-priori. An appropriate probability cutoff value can be identified from the information provided in Table VII . At each probability level, the sensitivity, and specificity of the model differs, with the sensitivity decreasing and the specificity increasing as the probability cutoff is increased. We favour a low cutoff probability (i.e., 0.2) since it provides for a higher sensitivity, meaning that very few patients whose tracheas are difficult to intubate would be missed, while maintaining a relatively high specificity, meaning that an acceptable number of patients are incorrectly identified as having difficult tracheal intubation. At the 0.2 probability cutoff value, the model missed five patients with difficult tracheal intubation and incorrectly classified 17 patients as difficult. In routine clinical practice, assuming a 2% incidence of difficult intubation, for every 1000 patients intubated, approximately three patients whose tracheas are difficult to intubate would be missed and another 39 patients would be incorrectly classified as difficult intubation by this model.
